Introduction
Signal transduction at glutamatergic excitatory synapses, along with information storage underlying learning and memory (Malenka and Bear, 2004) , take place at the postsynaptic density (PSD) (Garner et al., 2000; Kennedy, 2000; Sheng and Hoogenraad, 2007) . PSD-95, the most abundant scaffolding protein in PSDs (Cheng et al., 2006) , is a member of the membraneassociated guanylate kinase (MAGUK) family comprising PSD-95, PSD-93, SAP102 (synapse-associated protein-102), and SAP97, which share three conserved PDZ domains and one SH3-GK (Src homology 3-guanylate kinase) module. These PSD-95 family MAGUKs are known to play prominent roles in synaptic plasticity (Kim and Sheng, 2004; Funke et al., 2005) .
A typical PSD contains 200 -300 PSD-95 molecules (Chen et al., 2005; Sugiyama et al., 2005) , a number far exceeding the number of glutamate receptors (Cheng et al., 2006) . PSD-95 potentially binds many key constituent PSD proteins such as NMDA receptors (NMDARs) (Kornau et al., 1995; Niethammer et al., 1996) , AMPA receptor (AMPAR) complexes via Stargazin/TARP Bats et al., 2007) , adhesion molecules (Irie et al., 1997; , and other scaffolding proteins, such as GKAP (Kim et al., 1997) and Shank (Sala et al., 2001) . The diversity of proteins binding to PSD-95 suggests that it has an important role in the molecular organization of the PSD (Elias and Nicoll, 2007; Sheng and Hoogenraad, 2007; Feng and Zhang, 2009) . Consistent with an organizing role, PSD-95 is one of the most stable proteins in PSDs at excitatory synapses (Gray et al., 2006; Kuriu et al., 2006; Sharma et al., 2006; Blanpied et al., 2008; Sturgill et al., 2009) . PSD-95 is also a potent regulator of synaptic strength through its dominant role in controlling AMPA receptor numbers at synapses (Chen et al., 2000; Elias et al., 2006; Bats et al., 2007) . However, how PSD-95 actually organizes the molecular architecture of the PSD to support its functional properties is still not well understood.
Schematic diagrams often depict PSD-95 molecules parallel to the postsynaptic membrane at the PSD (Kim and Sheng, 2004) . Electron microscopy (EM) images of individual recombinant PSD-95 molecules (Nakagawa et al., 2004) show a C-shaped circular conformation consistent with results from modeling (Korkin et al., 2006) , while SAP97 molecules reveal both circular and open, extended conformations. Results from immunolabeling EM tomography in intact hippocampal neurons suggest that there are filaments in the PSD that appear to contain PSD-95 in an open configuration (Chen et al., 2008a) .
To resolve the configuration of PSD-95 molecules in the PSD, epitopes at both ends of the PSD-95 molecule were mapped by EM, and were identified with EM tomography to show that PSD-95 is in extended filamentous form in the PSD and that it is oriented vertical to the postsynaptic membrane. Loss of vertical filaments seen by EM tomography of the PSD after RNA interference (RNAi) knockdown of PSD-95 demonstrates that these vertical filaments consist of, or at least are associated with, PSD-95. Correlated loss of entire patches of vertical filaments along with horizontal elements and AMPAR-type structures demonstrates the key role for PSD-95 in maintaining the molecular organization of the PSD.
Materials and Methods
Dissociated hippocampal cultures, transfection, and lentivirus infection. Dissociated rat hippocampal neurons (embryonic day 20, both male and female) were plated on confluent glia layers, either on a coverslip or in a gold specimen chamber with a well 3 mm in diameter for high-pressure freezing (Techno Trade) (Chen et al., 2008a,b) . Cultures were maintained for 3 weeks with 10% CO 2 in a HeraCell incubator (Hereaus) at 35°C in custom MEM (Invitrogen), supplemented with 2 mM Glutamax 1 (Invitrogen), N3, 2% fetal bovine serum (Invitrogen), and 5% horse serum (Hyclone). Transfection of 3-week-old cultures with enhanced yellow fluorescent protein (EYFP) constructs used the Clontech CalPhos Mammalian Transfection Kit followed by 16 -20 h of incubation at 35°C before fixing the transfected neurons for immunolabeling. For lentivirus infection, aliquots (10 l) of high-titer virus (10 8 /ml) were added to 3-week-old hippocampal cultures, either on a coverslip or in a gold specimen chamber, and inoculated overnight. The culture medium was changed daily for 3 d before fixation for immunolabeling or highpressure freezing. Cells expressing the reporter, including those grown in gold wells, were examined with an epi-illumination fluorescence microscope. All estimates of transfection rates were from overlaying phase contrast or differential interference contrast images with fluorescent images of the same area. The ratio of the number of fluorescent neurons to the total number of neurons defines the transfection efficiency.
PSD-95-EYFP construct. Rat PSD-95 cDNA (NM_019621) was cloned by PCR. Then pEYFP-N1 (Clontech) was fused in frame to the PSD-95 coding region to generate PSD-95 with EYFP at its C terminal. The PSD-95-EYFP construct was released using restriction enzymes and eventually cloned into the pCAGGS vector (Niwa et al., 1991) .
Lentiviral short hairpin RNA construct. The lentiviral plasmid FHSynPW was a generous gift from Dr. Carlos Lois (Massachusetts Institute of Technology, Cambridge, MA). Enhanced green fluorescent protein (EGFP) was inserted into the BamHI and EcoRI restriction sites for expression under the control of human synapsin I promoter. Constructs for short hairpin RNA (shRNA)-mediated knockdown of PSD-95 were synthesized, annealed, and ligated into the pSUPER vector (Oligoengine). The H1 promoter and shRNA sequences were subsequently cloned by PCR to insert knockdown cassettes into the XbaI site of FH-SynPW. The shRNA targeting sequences are as follows: KD1, GGTCA-GACGGTCACGATCA; and KD2, CGAGAGTGGTCAAGGTTAA. A sequence directed against firefly luciferase previously described by Seeburg et al. (2008) was used as a nonsilencing control. Lentiviral particles were produced and titer determined as previously described (Lois et al., 2002) . For experiments with cultured mouse hippocampal cells, ϳ2 ϫ 10 6 particles were added to 2.25 ϫ 10 5 day in vitro 17 neurons per 35 mm culture dish. After 4 d of incubation, lysates were harvested in ice-cold RIPA buffer with protease and phosphatase inhibitors, normalized for equivalent total protein concentrations, and separated by SDS-PAGE. PSD-95 (K28/43) and SAP97 (N19/2) antibodies were obtained from Neuromab. ERK 1/2 (extracellular signal-regulated kinase 1/2) antibody was purchased from Cell Signaling Technology, and antibody to ␤-tubulin (B512) from Sigma. Anti-GluR1 (C3T) was from Millipore. Antibodies to GKAP were obtained as previously described (Kim et al., 1997) .
Immunofluorescence microscopy of lentivirus-treated cultures. Cultures grown on 35 mm coverslips were treated with lentivirus for 4 d before washing once with D-PBS (37°C), fixing in 4% paraformaldehyde for 10 min, and washing three times in PBS (5 min each). Cultures were then permeabilized with 0.1% Triton X-100 for 10 min, washed with PBS once, and followed with blocking solution containing 3% normal goat serum, 2% horse serum, and 1% BSA for 15 min. The fixed cultures were incubated with primary antibody overnight at 4°C. After washing three times with PBS, secondary antibody was incubated at room temperature for one hand then washed four times in PBS before mounting for fluorescence microscopy with a Zeiss LSM 510 confocal microscope. Antibodies were to PSD-95 (rabbit polyclonal, 1:500) (Chen et al., 2008a) , synaptophysin (mouse monoclonal, clone SY38, 1:100, Dako), and pan-MAGUK (mouse monoclonal, 1:500, Neuromab).
Immunogold electron microscopy. Rat hippocampal cultures were processed for immunogold labeling. After fixation in 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4 for 45 min, cultures were washed with buffer, permeabilized with 0.1% saponin, and blocked with 5% normal goat serum in PBS for 1 h. They were then incubated with the primary antibody for 1 h and washed, then incubated with the secondary antibody conjugated to 1.4 nm gold (Nanogold, Nanoprobes) for 1 h, washed, and fixed with 2% glutaraldehyde in PBS. Samples were silver enhanced for 5-10 min (HQ silver enhancement kit, Nanoprobes), treated with 0.2% osmium tetroxide in buffer for 30 min and then with 0.25% uranyl acetate overnight, washed, dehydrated in ethanol, and finally embedded in Epon. No specific labeling was detected at PSDs when primary antibody was eliminated from the protocol. Antibodies used were to PSD-95 (mouse monoclonal, clone 7E3-1B8, 1:200, ABR), anti-GFP (mouse monoclonal, 1:500, Invitrogen; clone N86/38, 1:500, Neuromab; rabbit polyclonal, 1:300, Novus).
High-pressure freezing. Cultures on gold specimen chambers were high-pressure frozen at 2100 bar with a Bal-Tec HPM 010 freezing machine (Technotrade International). The freezing medium, exchanged with the culture medium at the last moment, contained 124 mM NaCl, 2 mM KCl, 1.24 mM KH 2 PO 4 , 1.3 mM MgCl 2 , 2.5 mM CaCl 2 , and 30 mM glucose in 25 mM HEPES plus 0.5% ovalbumin, pH 7.4 at osmolarity of 325. Samples were covered with hexadecane, a nonaqueous filler, immediately before freezing.
Freeze substitution. Samples were cryotransferred to an AFS Unit (Leica) for freeze substitution, a series of temperature ramps and plateaus from Ϫ160 up to Ϫ60°C, as previously described (Chen et al., 2008b) . Saturated uranyl acetate (Polysciences) and 2% acrolein (Sigma) in HPLC-grade acetone (Sigma-Aldrich) were first layered in a glass scintillation vial by freezing each successively in liquid nitrogen. The gold specimen carrier sample was then placed on top under liquid nitrogen and left at Ϫ160°C for 15 min. The temperature was then ramped from Ϫ160 to Ϫ90°C over a period of 14 h, and then held at 90°C for 8 h. Samples were then ramped to Ϫ60°over 6 h, held there for 12 h, and rinsed before being infiltrated in ascending concentrations of nitrogen-degassed Lowicryl HM20 resin (EMS) in acetone. Lowicryl was polymerized in the AFS with a filtered Leica UV lamp at Ϫ50°C for 2 d.
Electron microscopy and EM tomography. For conventional thin section EM, grids were unselectively sampled and images collected of all synapses encountered in a JEOL 200CX transmission electron microscope with a bottom-mounted AMT CCD camera. Measurements were done blind off-line by someone who had not collected the initial data. All measurements are reported as mean Ϯ SD unless otherwise indicated. For EM tomography, embedded blocks were extracted from the gold specimen carriers and sectioned ϳ100 -200-nm-thick en face, approaching through the glial layer. Sections were mounted on Formvar-coated, 300 mesh copper/nickel grids, and ϳ3 nm of carbon was evaporated onto the grid for stability. Gold particles (ϳ10 nm) were applied to both sides of the grid as fiducial markers. Sections were scanned to identify well frozen areas in a JEOL 200CX transmission electron microscope. PSDs at mature synapses cut in cross section were selected and mapped so they could be found again in the electron microscope used to acquire the tomography series. Dual-axis EM tomography series of selected synapses were taken on a FEI Tecnai 300 kV transmission electron microscope with a field emission gun and bottom-mounted CCD camera at a dose of ϳ300 electrons/nm 2 for each image in the tilt series. After the first series was acquired, the grid was rotated 90°, and a second series was taken. Tilt increments were 2°, extending from ϩ70°to Ϫ70°, and pixel sizes were either 0.48 or 0.75 nm (2048 ϫ 2048 pixel image).
Dual-axis image series were reconstructed by back-projection, and the three-dimensional (3D) volume data were merged with IMOD (Kremer et al., 1996) . The fine alignment error was typically Ͻ0.3 pixels. The 3D volume data (tomogram) was analyzed and interpreted with EM3D (Harlow et al., 2001) , and segmented and surface rendered with Amira (Visage Imaging). Details on segmentation, measurements, and surface rendering were performed as previously described (Chen et al., 2008a,b) .
Analysis of tomograms. Classification of structures was initially based on their size, as previously discussed (Chen et al., 2008a,b) . The vertical filaments were classified based on length and diameter. Classification of major glutamate receptor structures such as NMDAR or AMPAR types was initially based on segmenting their prominent extracellular domains (ϳ16 ϫ 10 ϫ 10 nm) at the postsynaptic membrane in the synaptic cleft, which matched the known size of the extracellular domains of AMPAR Sobolevsky et al., 2009 ). The criterion for distinguishing these structures derived from the difference in the size and appearance of their cytoplasmic domains, which for NMDAR-type structures is a ϳ20 nm globular structure consistent with the large molecular mass of the NR2 tails and perhaps other associated PSD proteins (Chen et al., 2008a) . The cytoplasmic domain of the AMPAR type of structure is thin and flat, consistent with the expected much smaller tails of GluRs. Sizes of domains are measured in both surface-rendered images and in virtual sections from tomograms. All other measurements, including the number of structures of different types, and their nearest-neighbor distances are made on images of surface-rendered tomograms. All comparative sets of measurements were tested for significance of difference with Student's t test allowing for unequal distributions. All measurements are reported as the mean Ϯ SD, unless stated otherwise.
Quantitative comparison effects of PSD-95 knockdown in renderings of tomograms. Zones designated for measurements began at the boundary of the cluster formed by NMDAR-type structures, extended laterally 125 nm toward the peripheral region of the PSD, and also covered the entire section thickness (typically ϳ100 nm), an area large enough to include much of the peripheral region of the PSD. The absolute number of vertical filaments, their nearest-neighbor distances, and the number of AMPAR-type structures were counted or measured in surface-rendered tomograms from control as well as in PSDs apparently affected by the knockdown of PSD-95 (see Figs. 4, 5, legends) . The counts of the number of vertical filaments and AMPAR-type structures in zones 125 nm wide by actual section thickness (ϳ100 nm) around the periphery of NMDAR clusters are normalized to a section thickness of 100 nm in Table 1 . The number of vertical filaments contained in clusters of NMDAR-type structures is measured from subregions in Figure 5C (control) and in Figure 5G (PSD-95 knockdown) to estimate the density of the vertical filaments within the NMDAR clusters.
Results

PSD-95 is in an extended conformation at the PSD
PSD-95 tagged at its C terminus with an EYFP fusion construct is targeted to synaptic sites (Craven et al., 1999) . Overexpression of this construct recruits more AMPA receptors to synapses and increases synaptic transmission (El-Husseini et al., 2000; Kim et al., 2007) , suggesting that EYFP-tagged PSD-95 is incorporated into the PSD. Three-week-old cultured hippocampal neurons transfected with this construct showed a spine density of 2.3 spines per 10 running m of dendrite (range, 1.3-3.5 spines/10 m; 246 spines on 15 neurons) ( Fig. 1A ) (transfec-tion rate was estimated to be 12% among 293 neurons). Cultures were fixed and immunolabeled at 16 -20 h of expression, either with an antibody against the N-terminal PDZ1 domain (Chen et al., 2008a) or separately with an antibody against the C-terminal EYFP (Fig. 1 B) . Immunogold labeling for EYFP occurred throughout the spines but was concentrated near PSDs, where it lined up ϳ27 nm from the postsynaptic membrane ( Fig. 1 D-F ). Parallel control experiments with cultures transfected with GFP alone showed essentially no labeling for GFP at PSDs, but labeling was intense throughout the spine (data not shown), confirming that specific localization of many of the tagged PSD-95 molecules in close proximity to the PSD is due to their incorporation into the PSD (Fig. 1C-F ). The label for PDZ1 was located 11.9 Ϯ 4.0 nm (mean Ϯ SD, N ϭ 261, 111 spines) from the postsynaptic membrane. Three different antibodies to EYFP yielded essentially identical distances from the postsynaptic membrane: 27.4 Ϯ 8.1 nm (N ϭ 230, 24 spines); 27.1 Ϯ 7.2 nm (N ϭ 326, 33 spines); and 26.9 Ϯ 9.0 nm (N ϭ 155, 30 spines) ( p ϭ 0.91-0.99, one-way ANOVA, Tukey HSD post-tests) (Fig. 1G ). The distance from the postsynaptic membrane for PDZ1 site label is distinct from those for EYFP site ( p Ͻ 0.0001, one-way ANOVA, Tukey HSD posttests) (Fig. 1G ). The PDZ1 domain is on average 15.2 nm closer to the postsynaptic membrane than the EYFP domain, consistent with PSD-95 filaments in extended form and vertically oriented with respect to the postsynaptic membrane.
EM tomography of hippocampal spines transfected with tagged PSD-95 and immunolabeled for EYFP showed labels specifically at the distal ends of vertical filaments lying away from the postsynaptic membrane ( Fig. 1 H, I ) . The length of the labeled vertical filaments measured directly from the tomogram-17.1 Ϯ 0.7 nm (N ϭ 14, 2 spines)-matched not only the length of vertical filaments in intact PSDs from EM tomographic reconstructions (Chen et al., 2008a) , but also the lengths of individual extended recombinant PSD-95 and SAP97 molecules measured by single-particle electron microscopy (Nakagawa et al., 2004) .
PSD-95 knockdown with RNAi
Although some vertical filaments seen with tomography immunolabeled for PSD-95 in this and our previous study (Chen et al., 2008a) , the molecular identities of the population of vertical filaments as a whole remain an open question. Lentivirus-based shRNA constructs (KD-1 and KD-2 are targeting different sequences; see Materials and Methods) ( Fig. 2A, inset) , were used to knock down PSD-95, and were compared with a control shRNA construct targeting fruit fly luciferase (ffLuc). The high-titer virus (ϳ10 8 particles/ml) infected ϳ73, 83, and 95% of neurons (see Materials and Methods), as indicated by an EGFP reporter ( Fig. 2 A) . The high rate of infection assured that affected neurons could be sampled readily by electron microscopy.
To minimize off-target effects, neurons were examined only 3 d after virus infection, at which time overall PSD-95 expression, as evaluated by Western blot, was reduced to 40 -50% of controls (Fig. 2 F, G) . The levels of GKAP, SAP97, and ERK appeared unaffected, but GluR1 was reduced as expected (Nakagawa et al., 2004) (Fig. 2 F, G) . Immunofluorescent colabeling for PSD-95 and synaptophysin after PSD-95 knockdown (Fig. 2C) showed, in contrast to ffLuc control cultures ( Fig. 2 B) , a decrease in the number of PSD-95 puncta relative to synaptophysin puncta. However, colabeling by pan-MAGUK and synaptophysin antibodies ( Fig. 2 E) was indistinguishable among PSD-95 knockdowns (Fig. 2 E) and controls ( Fig. 2 B, 2D ). We interpret this result to mean that other MAGUK proteins remain at affected synapses after knockdown of PSD-95.
PSD-95 knockdown leads to patchy loss at PSDs
Rat hippocampal cultures inoculated with shRNA constructs (KD-1, KD-2, and ffLuc, a control), as well as parallel untreated controls, were examined with conventional electron microscopy. Altogether 386 PSDs at dendritic spines were randomly sampled in a blind analysis. Approximately 40% of PSDs at spine synapses showed some loss of electron dense material, which appeared either as the breakup of continuous PSDs or the shortening of PSDs ( Fig. 3 A, B) . The extent of loss was variable, sometimes affecting the whole length of the PSD (Fig. 3A) , but more typically manifesting as patches of loss at the periphery of the PSD (Fig. 3B ), leaving each individual PSD segment shorter than the corresponding presynaptic specialization. The lengths of the individual segments within each PSD were measured to compare the segmentation in PSDs among untreated controls, ffLuc controls, and PSD-95 knockdowns. The average length of individual segments in each PSD was compared with the total combined length of all the fragments at that PSD. PSDs that are more segmented were expected to show a lower ratio of average length of individual segments to the total length of the PSD (Fig. 3E ). The average combined PSD lengths (325 Ϯ 12 nm, mean Ϯ SEM; N ϭ 95) in untreated cultures did not differ significantly from the average lengths of individual segments in PSDs (300 Ϯ 12 nm; N ϭ 103; Student's t test, p ϭ 0.14). In fact, the averaged combined PSD lengths varied little between different groups and generally matched the length of postsynaptic membrane directly apposed to the presynaptic active zone. Combined lengths for untreated controls (325 Ϯ 12 nm; N ϭ 95), ffLuc controls (326 Ϯ 13 nm; N ϭ 87; one-way ANOVA, Dunnett test, p ϭ 1), KD-1 (301 Ϯ 16 nm; N ϭ 48; p ϭ 0.56), and KD-2 (301 Ϯ 14 nm; N ϭ 90; p ϭ 0.37) are not significantly different, though there may be some reduction in total PSD length after PSD-95 knockdown (Fig. 3E) . The individual PSD lengths from untreated neurons (300 Ϯ 12 nm; N ϭ 103) were not significantly different from those from the ffLuc control (276 Ϯ 11 nm; N ϭ 103; one-way ANOVA, Dunnett test, p ϭ 0.29), but were significantly shorter by 30 and 19%, respectively, in the knockdowns KD-1 (210 Ϯ 12 nm; N ϭ 69; p Ͻ 0.0001) and KD-2 (244 Ϯ 12 nm; N ϭ 111; p ϭ 0.0012) (Fig. 3E) . These measurements confirm that knockdown of PSD-95 results in the breaking up and shortening of PSDs, giving rise to the appearance of patchy loss.
Patchy loss at PSDs is directly associated with PSD-95 knockdown
We next determined whether morphological changes in PSDs in individual spines directly correlate with knockdown of PSD-95. Immunogold labeling of the EGFP reporter coexpressed from the lentiviral shRNA constructs served to identify spines in which PSD-95 was knocked down, providing for direct correlation of PSD-95 knockdown with patchy loss at PSDs (Fig. 3C,D) . In ffLuc controls, 86% spines (N ϭ 79) had continuous, nonsegmented PSDs, either labeled (43%) or nonlabeled (43%), while 14% showed segmented PSDs (5% labeled, 9% unlabeled), as expected (Neuhoff et al., 1999) . In the PSD-95 knockdown KD-1, 60% of spines (N ϭ 50) had nonsegmented PSDs (34% labeled, 26% nonlabeled), while 40% of spines had segmented PSDs (38% labeled, 2% not labeled). In KD-2, 42% of spines (N ϭ 45) had nonsegmented PSDs (16% labeled, 26% not labeled), and 58% of total spines had segmented PSDs (54% is labeled, 4% nonlabeled). When the labeled spines alone are analyzed, there are fourfold to sixfold more synapses showing segmented PSDs after PSD-95 knockdown (Fig. 3F, red bars) . Thus, at the single spine level, PSD-95 knockdown is strongly correlated with patchy loss and thinning of PSDs.
Patchy loss at PSDs is associated with loss of vertical filaments
Twenty-four dual-axis tomographic reconstructions of spine PSDs showing patchy loss due to PSD-95 knockdown were selected for detailed analysis, and areas of patchy loss 30 -80 nm in diameter were marked by a paucity of vertical filaments (Figs. 4C,F, 5 F, G). One tomogram from untreated control cultures was surface rendered (Fig. 5A-C) to produce a three-dimensional image of the control PSD for comparison. The dominant structural elements in PSDs from both control and knockdown experiments were the arrays of vertical filaments perpendicular to the postsynaptic membrane ( Figs. 4 B, C , E, F, 5B, C,E-G). The length of the vertical filaments was 17.3 Ϯ 1.5 nm, ϳ5 nm in diameter (N ϭ 22) pooled from the control and a PSD that showed effects of PSD-95 knockdown ( Fig. 5 A, B, D, E) . In contrast to the patchy loss of vertical filaments after PSD-95 knockdown, the vertical filaments in the control PSD ( Fig. 5A-C) were uniformly distributed throughout the postsynaptic membrane, with a nearestneighbor distance of 14.2 Ϯ 3.1 nm (N ϭ 21) (Fig. 5C ). The density of vertical filaments in peripheral zones of the PSD, 125 nm wide and ϳ100 nm thick (see Materials and Methods), decreased significantly from 304 per 0.1 m 2 in the control to 195 per 0.1 m 2 after PSD-95 knockdown (Student's t test, p ϭ 0.026) ( Table 1 ). The decrease in density was accompanied by an increase in nearest-neighbor distances for vertical filaments, from 16 nm in the control to 28 nm in PSD-95 knockdown ( p Ͻ 0.0001) ( Table 1 ). The PSD areas denuded of vertical filaments corresponded precisely to those manifesting patchy loss in the full thickness of the section (Figs. 4C,F, 5D -G) Thus, patchy loss at PSDs appears to correlate with loss of patches of vertical filaments, providing evidence that some of the vertical filaments, particularly those at the PSD periphery, consist of PSD-95 and are important for PSD integrity. It was also evident that other components of the PSDs, such as the transmembrane structures, were affected by loss of vertical filaments (Figs. 4C,F, 5G ).
Loss of putative AMPAR-type structures accompanies loss of vertical filaments
NMDAR-type and AMPAR-type structures (Chen et al., 2008a,b) at the PSD constitute the major classes of transmembrane structures whose prominent extracellular domains match closely the dimensions of intact AMPARs Sobolevsky et al., 2009) , while their cytoplasmic domains, in contrast, are large, ϳ20 nm globular structures for NMDAR-type structures and are relatively thin and flat for AMPAR-type structures (Chen et al., 2008a ) (see Materials and Methods). The cytoplasmic sides of these putative AMPAR-type structures are associated with vertical filaments and are typically located more peripherally in PSDs (Figs. 4 F, 5C,G) . Accordingly, the density of putative AMPAR-type structures was measured in zones 125 nm wide adjacent to putative NMDAR clusters and extending through the thickness (ϳ100 nm) of the original section (Table  1) . These AMPAR-type structures show a nearest-neighbor distance of 21 Ϯ 6 nm in the control (N ϭ 24) ( Fig. 5 B, C) , and are not only consistent with the reported value of 24 Ϯ 6 nm based on EM tomography (Chen et al., 2008a) , but also agree with the nearest-neighbor distance of AMPARs based on replica immunogold labeling (Masugi-Tokita et al., 2007) .
After knockdown of PSD-95, patches marked by a paucity of vertical filaments are recognized at the periphery of the PSD (Figs.  4C,F, 5G ). The number of AMPAR-type structures in the peripheral zones decreased significantly from 72 per 0.1 m 2 in control to 48 per 0.1 m 2 after PSD-95 knockdown ( p ϭ 0.029, Student's t test) (Table 1) . Thus, the number of vertical filaments and AMPAR-type structures was reduced by 36 and 33%, respectively, after PSD-95 knockdown, while the knockdown resulted in a 50 -60% reduction in the global level of PSD-95. The close similarity in the percentage reduction in the number of PSD-95 structures containing vertical filaments and the number of AMPAR-type structures is consistent with observations that each AMPAR-type structure generally has one vertical filament attached.
The NMDAR-type structures tended to cluster in the central region of the PSD in arrays with a diameter of ϳ170 nm (Fig. 5B,C) , similar to those previously reported by immuno-EM and EM tomography (Takumi et al., 1999; Chen et al., 2008a) . The organization of NMDAR-type structures and their associated vertical filaments appeared largely unaffected by PSD-95 knockdown, judging from their location, total numbers, and nearest-neighbor distances. The density of vertical filaments within NMDAR clusters was 297 vertical filaments per 0.1 m 2 for the control (Fig. 5C ) and 314 vertical filaments per 0.1 m 2 after PSD-95 knockdown (Fig. 5G) , consistent with the density of vertical filaments outside NMDAR clusters in the control PSD (304 vertical filaments/0.1 m 2 ) (Table  1) . Thus, the number of vertical filaments associated with NMDAR clusters appeared not to be affected by PSD-95 knockdown. The total number of NMDAR-type structures after PSD-95 knockdown [ Figs. 4F (N ϭ 19) , 5G (N ϭ 18)] were similar to those of controls (Chen et al., 2008a) . The nearest-neighbor distances within the clusters of NMDAR-type structures measured in three reconstructions were 31 Ϯ 8 nm (N ϭ 9) (Fig. 4C) , 32 Ϯ 6 nm (N ϭ 17) (Fig. 4F) , and 33 Ϯ 4 nm (N ϭ 10) (Fig. 5G) , which matched those in controls 34 Ϯ 7 nm (Fig. 5C ) and 32 Ϯ 4 nm (Chen et al., 2008a) . Thus, the distribution of putative NMDAR-type structures did not appear to be affected by knockdown of PSD-95. show that PSD-95 knockdown leads to reduction of vertical filaments in areas of patchy loss (betweenwhitecenterandgreenlines).PSD-95-containingverticalfilaments,red;cytoplasmicsideof NMDAR type structures, cyan; cytoplasmic side of AMPAR-type structures, dark blue. Vertical white lines align edges of PSD across the different views, green lines delineate zones for measurements (yellow arrows) of vertical filaments and AMPAR-type structures around the NMDAR-type structure cluster. D, Thin section image through another synapse averaged from 15 virtual sections from the tomogram. D-F, Renderings of the tomogram (D) in cross section (E) and en face viewed from inside the spine (F) with the additional rendering of extracellular side of NMDAR-type structures in gold and the extracellular side of AMPAR-type structures in green. Vertical filaments as well as AMPAR-type structuresaredepletedinanareaofpatchyloss.Scalebar,100nm.Measurementsfromrenderingsof tomograms: in C, zone right, 125 ϫ100 nm, number of vertical filaments 24, nearest-neighbor distances of vertical filaments 23 Ϯ 11 nm (n ϭ 85) and the number of AMPAR-type structures 3; in E, zonesleftandright,125ϫ100nm,numberofverticalfilaments19,20,nearest-neighbordistancesof vertical filaments 30 Ϯ 15 nm (n ϭ 32), 28 Ϯ 14 nm (n ϭ 31), and the number of AMPAR-type structures 8,5.
Loss of horizontal elements associated with patchy loss
In a tomogram of the PSD showing patchy loss after PSD-95 knockdown, extensive horizontal filaments (Fig. 5 E, F ) transected vertical filaments and were oriented approximately paral-lel to the postsynaptic membrane (10 -20 nm from the membrane), similar to what was seen in a control PSD (Chen et al., 2008a) . Multiple horizontal elements are often associated with a single vertical filament (Fig. 5F ). Most of these horizontal elements (20 -40 nm long) contacted neighboring vertical filaments and appeared not only as filaments, but also as more complex shapes, such as sheet-like structures (Chen et al., 2008a) , indicating a heterogeneous molecular population (Fig. 5F) . The horizontal structures formed extensive structural networks concentrated under putative NMDAR-type structures and extended the connections to essentially all the remaining AMPAR-type structures and most of the remaining vertical filaments. Horizontal elements became less frequent at the peripheral region of the PSD, where they contacted vertical filaments that were not attached to major membrane structures (Fig. 5F ). Nearly all horizontal elements were lost along with associated vertical filaments in regions of patchy loss (Figs. 5F, 6 ).
Discussion
The present study, together with a previous study (Chen et al., 2008a) , combines immunolabeling with EM tomography to show that the core scaffold of the PSD is sustained by regular arrays of vertical and horizontal cross-connecting filaments. Many of the vertical filaments contain PSD-95 deployed in an essentially extended configuration with its N terminus close to the postsynaptic membrane and its C terminus oriented away from the membrane. Examination by EM tomography of the effect of the knockdown of PSD-95 results in loss of patches of vertical filaments at the periphery of the PSD. The correlated loss of entire patches of core scaffold and putative AMPARs is consistent with the idea that the orthogonally organized scaffold of vertical filaments and horizontal elements is critical for stabilizing glutamate receptors at the PSD (Fig. 6) .
Conclusions about the orientation and configuration of PSD-95 in vertical filaments in the PSD are derived from using immunogold electron microcopy to measure the vertical distance between epitopes situated at opposite ends of PSD-95. The difference between the separation from the postsynaptic membrane of the PDZ1 domain close to the N terminus of PSD-95 and the separation of the EYFP fusion site near its C terminus is 15.2 nm, whereas the separation predicted for a fully extended PSD-95 is 18 Ϯ 4 nm. Therefore, PSD-95 in the PSD must be in an essentially extended form, and vertically oriented with respect to the postsynaptic membrane. The greater distance of the EYFP site from the postsynaptic membrane shows, moreover, that PSD-95 molecules are oriented with their N termini closer than their C termini to the postsynaptic membrane, consistent with the notion that palmitoylation at the N terminus of PSD-95 anchors it to the postsynaptic membrane at the PSD, a critical step required for synaptic targeting of PSD-95 (Craven et al., 1999; El-Husseini et al., 2002) .
Conclusions about the composition of vertical filaments are derived from combining immunogold labeling with EM tomography of PSDs expressing EYFP-tagged PSD-95 and from RNAi knockdown of PSD-95. Cultures labeled with immunogold antibody to EYFP show that the label is positioned at the distal ends of many vertical filaments, as expected. The individual length of these vertical filaments, ϳ17 nm, matches very closely the known length of extended PSD-95 or SAP97 (ϳ16 nm) (Nakagawa et al., 2004) , so at least a subset of the vertical filaments must contain PSD-95. The extent to which vertical filaments contain PSD-95 is also indicated by the very close match between the number of vertical filaments (ϳ300) and the number of copies of PSD-95 (ϳ300) per PSD (Chen et al., 2005) . And finally, as we discuss below, the identification of vertical filaments as PSD-95 is further evidenced by their loss upon knockdown of PSD-95.
PSD-95 was knocked down with RNAi to test whether the scaffold consisting of an ordered array of vertically oriented PSD-95 molecules and associated horizontally oriented molecules is essential to the structural integrity of the PSD. The patchy loss of vertical filaments provides further evidence that the vertical filaments, especially those at the periphery of the PSD, are composed of PSD-95. Counting the number of vertical filaments in the PSD-95 knockdown experiments revealed a ϳ36% reduction in the vertical filaments at the periphery of the PSD, with a corresponding global reduction of 50 -60% in the PSD-95 level (Table 1) .
Commensurate with the reduction in vertical filaments, the number of AMPAR-type structures is reduced ϳ33% (see Table  1 ), which is consistent with the percentage decrease of vertical filaments. Thus, the stability of AMPAR-type structures appears to depend on the vertical filaments in the PSD periphery, suggesting an important role for vertical filaments in anchoring AMPAR complexes. This conclusion is consistent with the reported correlation between abundances of PSD-95 and AMPARs at synapses: overexpression of PSD-95 results in a larger number of AMPAR complexes in the PSD (El-Husseini et al., 2000) , whereas decreased expression of PSD-95 reduces the number of AMPARs (Nakagawa et al., 2004; Béïque et al., 2006; Elias et al., 2006; Ehrlich et al., 2007; Xu et al., 2008) . It is now predictable that total knockdown of PSD-95 should lead to a 50 -60% reduction in AMPARs at the PSD, based on the corresponding reduction in vertical filaments. Indeed, this estimate appears to match the 40 -50% reduction of AMPARs after PSD-95 knockdown, which was determined from electrophysiological measurements (Elias et al., 2006; Bhattacharyya et al., 2009) .
Loss of vertical filaments is accompanied by loss of associated horizontal elements in corresponding patches as well as the overall reduction of AMPAR-type structures. The patchy loss often located at the peripheral regions of the PSD suggests that molecular structure is more dynamic in the peripheral region of the PSD than in the central region. An alternative scenario, that PSD-95 only exists in the periphery of the PSD, appears unlikely, because immunolabeling of overexpressed PSD-95-EYFP typically appeared to be uniform across the entire cross section of the PSD, rather than concentrated at the periphery of the PSD (Fig. 1) .
There are several explanations for why PSD-95 knockdown leads to loss of entire patches of vertical and associated horizontal elements. Many of the vertical elements of the membrane scaffold contain PSD-95, and several binding partners of PSD-95 are available to participate in horizontal structures: GKAP (guanylate kinase-associated protein)/SAPAPs, Shanks, SynGAP, SPAR, as well as other members of the PSD-95 MAGUK family if they multimerized (Kim and Sheng, 2004) . These proteins all turn over faster than the membrane-associated PSD-95, the most stable form of PSD-95 at the PSD (Kuriu et al., 2006; Sturgill et al., 2009; Zheng et al., 2010) , and its GK domains, to which GKAPs universally bind, are required for stabilizing PSD-95 at the PSD (Kuriu et al., 2006; Xu et al., 2008; Sturgill et al., 2009 ). Thus, the horizontal elements could stabilize the vertical filaments by cross-linking them to establish a stable orthogonal scaffold within the PSD. Because vertical filaments directly associate with receptors at the PSD, dynamic turnover of horizontal structures at the PSD could affect the stability of vertical filaments as well as the overall stability of the molecular organization of the PSD. Alternatively, vertical filaments and horizontal structures might form stable complexes with turnover of vertical filaments leading to loss of both structures.
Knockdown of PSD-95 by RNAi is known to correlate with reduction of AMPAR-mediated EPSCs, but has little effect on those mediated by NMDARs (Nakagawa et al., 2004; Elias et al., 2006; Ehrlich et al., 2007; Xu et al., 2008) . Tomograms of PSDs affected by knockdown of PSD-95 provide a structural basis to understand the differential effects on AMPA and NMDA receptors. Neither the numbers nor the nearest-neighbor distances between the vertical filament-NMDAR complexes are affected by PSD-95 knockdown, in contrast to the patchy loss of filament-AMPAR complexes. Numerous potential cross-linking elements link the vertical filaments associated with the NMDAR complexes, but these are sparser at the periphery of the PSD underneath complexes of AMPARs with vertical filaments (Chen et al., 2008b) . We suggest that the extent and differential distribution of the horizontal elements associated with vertical filaments contributes to the stabilization of NMDARs within PSD, and that Figure 6 . Relationships between core scaffolding proteins and receptors in the PSD: control (above), PSD-95 knockdown (below). The N termini of regularly spaced vertical filaments of PSD-95 contact the postsynaptic membrane, and in some instances associate with AMPAR (blue) and NMDAR complexes (cyan). This arrangement imposes a layering of regularly spaced binding sites for other PSD-95 binding partners, thereby defining the molecular layering in the PSD. Horizontally oriented elements (white) intersect the C-terminal ends of the PSD-95 molecules, possibly cross-linking them. Knockdown of PSD-95 results in loss of patches of PSDmaterial, including both vertical and horizontal filaments as well as AMPAR structures, showing that both the core scaffold of the PSD and the organization of AMPAR complexes depend on their sparse distribution at the periphery of the PSD allows vertical filaments and AMPARs there to turn over more rapidly.
The first PSD-95 knock-out mice (Migaud et al., 1998) , which still expressed a truncated portion of PSD-95 (PDZ1-2) appeared to have normal, electron-dense PSDs that included typical levels of NMDARs. Subsequent characterization of complete knockout of PSD-95 in mice demonstrated that PSD-95 is necessary for synaptic targeting of AMPARs (Béïque et al., 2006; Elias et al., 2006) , but knockout of a single MAGUK protein (PSD-95 or PSD-93) generally does not significantly affect synaptic transmission. Double knockout of PSD-95/PSD-93 in mice clearly demonstrated compensation by a remaining MAGUK SAP-102 (Elias et al., 2006) . Thus, the patchy loss in PSDs so apparent upon acute knockdown of PSD-95 knockdown could well be masked in knock-out mice by compensation from other members of MAGUK family proteins.
A scaffold, consisting of vertical filaments containing PSD-95 anchored in the membrane of the PSD, along with associated horizontal elements, appears to be fundamental to sustaining the molecular organization of the PSD. Because these scaffolding molecules directly associate with transmembrane structures (receptors) in the PSD, they might function as slot proteins (Lisman and Raghavachari, 2006) . Deletion of core components of the scaffold, as exemplified by acute knockdown of PSD-95 with RNAi, is shown here to be an important approach to unraveling the molecular organization of synapses.
